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A Area of an orifice in. 
o 
2 
A Area of a piston in. 
P 
d An orifice diameter in. 
o 
D d/dt 
F Force lbf. 
F Coulomb friction force lbf. 
2 
g Conversion factor, (385.9) lbm-in./lbf-sec. 
o 
I Inertia of rotating parts which move rigidly ~ 
with the Pawl lbm-in. 
K Spring stiffness lbf/in. 
M Total mass of the system lbm. 
M Equivalent mass of rotating parts which move 
q rigidly with the pawl lbm. 
M Mass of the piston lbm. 
P 
N Normal force acting between the piston and the 
cylinder surface lbf. 
2 
P Pressure lbf/in. 
r Radius of the piston in. 
P v 
r Radius of the ratchet in. 
V Velocity in/sec. 
2 2 Z Damping factor for an orifice lbf-sec /in. 
3 
p Mass density of air lbm/in. 
p Coefficient of friction 
2 
v Dynamic viscosity lbf-sec/in. 
£ Length of the piston in. 
a Distance, as defined in Figure 4 in. 
b Distance, as defined in Figure 4 in. 
c Clearance between the piston and the cylinder in. 
b Distance between mid-point of the piston and point 
a A, see Figure 4, when the spring is in free position in. 
IX 
SUMMARY 
The objective of this study is to analyze a damped escapement 
mechanism in which fluid damping with air as the damping medium is pro-
vided by an orifice, annular clearance between the piston and the cylinder, 
and dry friction between the piston and the cylinder surface. 
The response curves of the system are obtained theoretically and 
experimentally as a function of design parameters. Experimental and 
theoretical curves may be seen to give fair agreement. While the mathe-
matical model encompasses simplifying assumptions, its simplicity 




It is frequently necessary for machine parts to operate intermit-
tently instead of continuously, and there are various forms of mechanisms 
for obtaining these intermittent motions. One of the simplest and most 
common methods of obtaining intermittent motions is by means of escapement. 
The escapement mechanism, for example, is used for operating a paper feed-
roll used in connection with a printing unit of a machine or is incorporated 
in a wire weaving machine to advance strands of wire a required distance 
at regulated time intervals. An escapement may be considered as a form 
of ratchet mechanism having an oscillating pawl for controlling the motion 
of the ratchet wheel by engaging successive teeth. Since pawl and wheel 
are not connected positively, the pawl hits the teeth of the wheel abruptly. 
The aim of this investigation is to analyze a system which would absorb the 
abrupt force. 
Statement of the Problem 
The objective of the study is to analyze a damped escapement 
mechanism, shown in Figure 1, which employs an orifice as a damping device 
and air as the damping medium. A response of the system as a function of 
design parameters is investigated. 
Method of Analysis 
The procedure followed in this study is one of theoretical analysis 
Ratchet 
///'/>/ 
Figure 1. Schematic Diagram of a Damped Escapement Mechanism 
3 
and experimental verification. First the problem is treated analytically 
on the analog computer and then the results are verified by experimental 
techniques. The response curves as a function of design parameters are 
obtained. 
Although the orifice-type damper is one of the most widely used 
methods of dissipating kinetic energy or limiting velocity in a mechanical 
system, a search of existing literature revealed that little has been done 
in the area of correlating experimental data and developing design pro-
cedures from it. 
Buzzard (1)' has done work on an orifice type damper having 
harmonic excitation and has investigated frequency response. Silveira et 
al. (2) have done an experimental investigation for a number of different 
designs of small fluid displacement or viscous shear dampers suitable for 
dynamic model application. The damping characteristics of the dampers 
tested, of different design geometries, exhibited three general trends: 
a) the damping force increased approximately linearly as the maximum 
piston velocity increased, b) the damping force varied approximately as 
the square of the maximum piston velocity, and c) the damping force 
varied approximately as the square root of the maximum piston velocity. 
Jacobsen (3) has derived a general method of obtaining approximate 
solutions of the steady forced vibrations of a damped system of one degree 
of freedom with various types of damping for the case of sinusoidally 
varying disturbing forces. The approximation consists in expressing all 
Numbers in parentheses refer to the Literature cited at the end. 
the dampening terms of the original differential equation by a single 





A schematic diagram of a damped escapement: mechanism is shown in 
Figure 1 and a mathematical model is shown in Figure 2. Damping in the 
system is provided by an orifice, annular clearance between the piston and 
the cylinder, and dry friction between the piston and the cylinder surface. 
During this work, it has been found that for the model constructed, 
shown in Appendix-I, the damping due to clearance is negligible. Thus it 
is necessary to take account of only orifice damping and coulomb damping 
which is due to dry friction. An extensive argument of this point is 
given in Appendix-II. 
Fluid Mechanics of an Orifice Type Damper 
A simple model of the damping device is shown in Figure 3. The 
following stipulations about the damper are made: 
1. The damping medium is an ideal, frictionless fluid. 
2. The orifice diameter is sufficiently smaller than the piston 
diameter so as to make the velocity through the orifice much greater than 
the piston velocity. 
3. The integrated form of the Bernoulli equation is applicable. 
On the basis of the third assumption, the following relation holds 
true: 




V \ \ V V S *v 
Figure 2. Mathematical Model of the Damped Escapement Mechanism 
Piston 
Orifice 
Figure 3. Orifice Type Damper 
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The damping force will then be 
9 9 p A ~ 
F = (P, - Pa)A = (V; - Vf) -r-E-
1 2 p 2 1 2g 
*- r °o 
2 2 
As a result of assumption two, V„ is much greater than V and therefore 
F = V2pAp/2go 
From the consideration of continuity, assuming incompressibility, 
A V = A V0 p p o 2 or 
V0 = (A /A )V 2 v p' o7 I 
therefore 
2 3 2 
F = V p A /2g A 
p p &o o (1) 
or, Damping Factor 
Z = F/(Dx)2 = F/V2 = P A3/2g A v ' p p 6 o o 
In the preceding two equations it should be noted that V^ and A-o 
have been replaced by V and A since it is customary to locate point 2 
just beyond the orifice, and by so doing, it represents a point where the 
pressure is that of the atmosphere but where the air jet has the velocity 
and area found at the throat: of the orifice. 
It should be noted that the damping force as defined by Equation (1) 
is proportional to the square of the piston velocity and 180 degrees out 
of phase with it. 
Equation of Motion 
The differential equation of motion for the system shown in Figure 2 
8 
can be written as follows: 
MDzx = Fu(t) - Kx ± Z(Dx)z ± F (2a) 
Rearranging Equation (2a) gives 
2 
MD2x ± Z(Dx) ± F. + Kx = Fu(t) (2) 
The input force on the system is assumed to be a step force; this 
assumption is verified experimentally. 
Assuming a rigid contact between the piston rod and the ratchet, a 
value of mass M in Equation (2) is 
M = M + M 
P eq 
where M is the equivalent mass of rotating parts which move rigidly 
eq 
with the piston rod. 
The value of M is found from kinetic energy considerations as eq 
follows: 
2 2 
h I (D0) = h M (Dx) eq 
Using the relation 
Dx = rD9 
one obtains 
? Meq = X ( l / r ) <3> 
An estimation of the value of Ff was done as follows: There is a 
tendency for the piston rod to cock in its guide due to eccenticity of the 
9 
load. If point A, see Figure 4, is the pivot point assumed, then the 
distance between the pivot and mid-point of the piston can be expressed 
as (b + x) . The normal force N could be found from 
o 
N • < b - r 2 p 
o 
and hence , 




The (Dx) term in the equation of motion causes the equation to be 
nonlinear. The method of equivalent viscous damping is one of the methods 
to obtain an approximate solution. In attempting to solve an equation 
involving a nonlinear damping device by the method of equivalent viscous 
damping, the procedure is to replace the nonlinear device with an equivalent 
linear device. The equivalence of the linear devices is judged on the 
amount of energy absorbed per cycle under harmonic excitation (4). Since 
the method of equivalent viscous damping is limited for harmonic excitation, 
it was desirable to seek other means of solution. Since the electronic 
analog computer lends itself to the rapid solution of differential equations, 
it was selected for the work. The analog computer circuit shown in 
Figure 5 is the one which was used. The results obtained are shown in 
Chapter IV. 
Appendix-Ill gives the details of the analog program. 








To quantitatively establish the correspondence between the mathe-
matical model and a real escapement system, an experimental set-up was 
designed and instrumented to record correlative data. A schematic diagram 
of the model set-up is shown in Figure 6 and details of the pawl-damper 
are given in Appendix-I. When the pawl-damper is dropped onto the ratchet, 
all units on the output side of the slip clutch, including the piston and 
the ratchet, are assumed to move as a rigid body. For better understanding 
of the following discussion,, the reader is advised to study Figure 6 
carefully. The damped escapement model was designed so that the orifice 
sizes and the springs could be easily changed. 
Instrumentation and Equipment 
The instrumentation consists of transducers that are attached to 
the experimental model and of readout equipment. The angular vibrations 
of the ratchet are measured by a light and photocell unit. The force 
acting on the piston rod is evaluated from strain gage output. The data 
obtained from the experimental model are in the form of oscillographs. 
The various equipment used for the experiments are listed below 
in Table 1. 
1. Speed Motor Control 
2. D. C. Motor 
3. Motor Shaft Adapter 
4. Universal Coupling 




9. Photocell with Mask 
^ ^ 
Figure 6. Experimental Set-up 
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Table 1. Experimental Equipment 




D. C. Motor 















Dual Beam type 502A 
Polaroid type C-27 
Angular Displacement Transducer 
A light sensitive transducer was used to obtain the response curves 
for the dynamic system. A selenium photovoltaic cell was attached to a 
stationary support and illuminated by a constant intensity light source. 
The rotating shutter was located between the light and the photocell and 
thereby cast a shadow on the cell. As the system and its shadow were 
displaced, the illuminated area of the photocell changed and the resulting 
voltage change was related to the displacement of the system. 
The photocell that was used was essentially a P-N type transistpr 
which produces an electrical voltage when illuminated. For a stronger 
light intensity or a larger illuminated area, the voltage output of the 
15 
cell was higher. Figure 7 shows the circuit which was employed with the 
photocell. 
The battery provided a reversed bias across the photocell which 
improved both its linearity and the magnitude of its output. A shutter 
of wedge shape with aperture, as shown in Figure 9, with its center at the 
center of the shaft was used to get linear calibration. The output of 
this transducer circuit was displayed on an oscilloscope. 
The light source consisted of a single bulb powered by a d.c. 
voltage source; all the tests were conducted in a darkened room to insure 
a constant illumination. A frosted lens was used to smooth out the light's 
intensity and thereby eliminate the bright spot. 
To take advantage of the linearity of the photocell's voltage output, 
the following procedure was followed before the cell was calibrated: 
1. The entire area of the photocell was illuminated with the desired 
light intensity. 
2. The gain potentiometer, Figure 7, was adjusted until the output 
voltage was zero. 
3. The gain potentiometer resistance was lowered slightly further 
to move away from the point of zero output voltage.• 
4. Care was taken not to overdo this last step as it tended to 
reduce the photocell's output voltage. 
A worm and worm wheel arrangment with a disc dial was used to 
measure angular displacement of the ratchet shaft and thus for calibration 
of the photocell. A calibration curve was obtained by plotting this 
angular displacement versus the corresponding voltage from the photocell. 
As can be seen in Figure 8, this voltage angular displacement relationship 
16 
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45 90 135 180 225 
Photocell Output Voltage 
315 mV 
8. Typical Photocell Calibration Curve 
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Figure 9. The Shape of the Aperture used to Mask the Photocell 
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is linear. A linear displacement of the piston rod can be obtained from 
this, since it is assumed that the ratchet and the piston rod move rigidly. 
Force Transducer 
A strain gage was mounted on the piston rod by wrapping around on 
the surface and a change in resistance of the gage on application of force 
was obtained as a signal proportional to the force. The gage used was 
constructed with a foil grid mounted on a very thin epoxy plastic film 
and was mounted with an epoxy cement of the thermosetting type. The 
procedure used was as follows: 
1. The piston rod and the gage surface were cleaned with trichloro-
ethylene. The gage was handled with tweezers at this point to prevent 
contamination. 
2. An epoxy cement was employed, which was prepared from resin and 
hardener at the time of use. A generous coating of the cement was applied 
to the piston rod surface, using care to eliminate any air bubbles. The 
gage was positioned with grid facing upward and air bubbles as well as 
excess cement were removed from under the gage. A piece of teflon paper 
was placed over the gage and pressure of 5 to 10 psi. was applied while 
the cement was curing. Teflon paper was used because the cement does not 
adhere to it. A 24 hour curing time was required. 
A schematic diagram of the force measuring circuit is shown in 
Figure 10, which basically employs one active arm of a wheatstone bridge 
circuit. The band pass filter was used to get rid of random high fre-
quency noise. 
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8 16 24 32 40 mV 
Voltage Output 
Figure 11. Typical Strain Gage Calibration 
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ratchet shaft by means of a dead weight hanging over one end of a pulley 
mounted on the shaft. A force acting on the piston rod was calculated from 
the dead weight and was plotted against voltage output from the strain 
gage circuit. The calibration curve as shown in Figure 11 is linear. 
The force acting on the system is assumed to be a step input force 
and the assumption was experimentally verified to be valid. The step 
force, converted in terms of torque on a clutch, is equal to the slip torque 
of the clutch. Since the slip torque of the clutch can easily be found 
by gradually applying static torque on the ratchet shaft, this torque 
measurement was used as a check against the value obtained from the strain 
gage output. 
Because of the. small strain in the piston rod, voltage output from 
the strain gage circuit was quite small and hence electrical noise was 
quite predominant. Methods for eliminating electrical noise are enumerated 
below: 
1. Use shielded cables. 
2. The transducer leads must be inde-pendent of the shield. 
3. The shields on the cables as well as the part under test should 
all be grounded at the oscilloscope. 
4. Try to keep the transducer leads and equipment out of strong 
electromagnetic fields. 
5. Twisting all leads together often reduces electromagnetic 
pick-up. 
6. Extra shielding of aluminum foil placed over leads and transducer 
does help. 
7. Noisy 'scope signal may be due to poor contact in jacks. 
21 
CHAPTER IV 
RESULTS AND DISCUSSION 
The numerical results of the theoretical analysis of Chapter II and 
the experimental results of Chapter III are now evaluated and compared. 
Comparison of the Theoretical and Experimental Response Curves 
The main objective of the investigation is to relate response to 
the design parameters of the system, mainly to orifice diameter. Comparison 
of experimental and and theoretical response curves is presented in Figures 
12 to 15. Experimental and theoretical curves may be seen to give fair 
agreement. While the mathematical model encompasses simplifying assumptions, 
its simplicity recommends it for design purposes. 
A few comments on the response curves in Figures 12 to 15 are 
enumerated below: 
1. The theoretical and experimental locations of first peak agrees 
well for each orifice. 
2. The observed and predicted initial slopes are in fairly good 
agreement. 
3. The experimental results show no oscillations. It should be 
noted that the physical system is modeled as a single degree of freedom 
system for the sake of simplicity. It is suggested that shaft flexure at 
the ratchet introduces additional friction caused by bearing misalignment. 
This could be more adequately described in a two degree of freedom model. 
4. A response curve with maximum spring stiffness should have the 
22 
K = 6.2 lbf/in. 





Time - milliseconds 
Figure 12. Comparison of Theoretical and Experimental Response Curves 
K « 6.2 lbf/in. 
Theoretical 
Experimental 
20 40 60 80 
Time - milliseconds 
100 
Figure 13. Comparison of Theoretical and Experiment Response Curves 
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K - 6.2 lbf/in. 
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Time - milliseconds 
Figure 14. Comparison of Theoretical and Experimental Response Curves 
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20 40 60 80 100 
Time - milliseconds 
Figure 15. Comparison of Theoretical and Experimental Response Curves 
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Figure 16. Theoretical Response Curves for Different Forcing Functions 
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Figure 18. Typical Oscilloscope Record of the Strain Gage Output 
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shortest time to peak displacement. The predicted response has the proper 
trend. This is not the case with the observed response. 
The theoretically predicted curves for different values of force 
and mass acting on the system are shown in Figures 16 and 17. An increase 
of the force increases the steady state height, as expected. An increase 
of mass results in the longer time to first peak displacement, as expected. 
Figure 18 shows a typical strain gage output showing verification 





The following recommendations are made concerning possible areas of 
future investigation: 
1. The possibility of uncovering, in the case of a nonlinear device, 
a concept similar in nature to damping ratio for a linear device. At the 
moment, the possibility seems quite remote, but in as much as the solution 
for a system must be carried out on a computer, it would seem highly de-
sirable to find some way of relating the response of such a system to its 
physical parameters such that it would be unnecessary to perform the 
complete solution for each problem encountered. 
2. The possibility of getting response curves as a function of 
nondimensional ratios. 
3. To study response curves with orifice(s) in the piston itself. 
4. The possibility of extending the work to include noncircular 
orifices. 
Linear Bearing 










Clearance between the Piston and the Cylinder = .0005" 





DAMPING EFFECT DUE TO CLEARANCE 
It is intended to show here that the damping effect due to clearance 
for the pawl-damper model constructed is negligible. 
Consider a damping due to clearance between the piston and cylinder. 
Assuming laminar flow, the velocity gradient between the piston and 
the cylinder shown in Figure 20 can be written as 
T- " 4 <h - y) 
dy v£ v J' 
Integrating, 
A P tu 2/o\ v = ^ (h - y 11) 
The t o a l volume of flow i s 
V = 2-rrr If vdy 
-h 
Integrating and writing in terms of the clearance gives 
XT A P 3 /A 1\ 
V = — e r (A.l) 
From equation (1) of Chapter II, with orifice as the damping device, 
F = APA = vi? p A /2g (A.2) 
P 2 P o 
30 







Enlarged view of dotted area in (a) 
Figure 20. Damping Due to Clearance 
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From the consideration of continuity, assuming incompressibility, 
one can write 
A V - A, V0 + A , V n (A. 3) 
jp p 6 2 clearance clearance v ' 
The second term on the right hand side of equation (A.3) is nothing 
but the expression (A.l). From equation (A.2), 
V = (*& A P ) ^ (A. 4) 
2 P 
Substituting (A.l) and (A.4) in expression (A.3) 
A v = ZAP (A2 -%h + AP (^) (A. 5) 
pp o p \>l 
Using d = .029 inch, c = .0005 inch and other numerical values for 
the model, the equation (A.5) becomes 
A V = /AP 3.09 + AP .001645 (A.6) 
P P 
It should be noted that the equation (A.6) is valid for the choice 
of parameters for the model constructed. The values of AP existing in 
the model are such that the last term in the equation (A.6) can be neglected, 
Thus, one can conclude that most of the air passes through the orifice and 
negligible amount through the clearance, which means that the damping 
effect due to clearance is negligible. 
APPENDIX III 
ANALOG PROGRAM 
The equation of motion for the damped escapement mechanism is 
MD2x ± Z (Dx)2± F + Kx = Fu(t) (A. 7) 
The numerical data for the system are: 
Mg = .27 lbf. 
r = .627 in. 
P 
2 4 
p/g = .00192 lbf-sec /ft at room temperature 
a = .0937 i n . 
b = .41 i n . 
P * .42 
F = 1 .5e 3 lb f . 
K = 10e2 l b f / i n . 
d = .029e i n . o 
0 « Cgi 1 
0 < e < 1.5 
o — 
The numerical values give: 
Z = .0312/eQ = .00312e1 lbf-sec/in. 
(Letting e? = 1 /e 4 ) 
1 o 
F = .059/(.41 + x) lbf. 
Substituting these numerical values in the equation (A.7), one 
obtains 
,Q007D2x ± .OOSUe^^CDx)2 ± .059/(.41+x) + 10e2x = 1.5e (A.8) 
33 
Since the orifice damping force always opposes the piston motion, 
o 
the (Dx) term which appears must really be formed as the product of Dx 
and the magnitude of Dx, i.e. iDxlDx. The Coulomb friction force also 
always opposes the piston motion. 
Using time scale factor, n - 100 and magnitude scale factors, 
a = a = a n = 100 x Dx ^2 
D x 
the equation (A.8) reduces to 
2 
(100D x) + .04461 (100Dx|l00Dx|) ± 84.37/(41+100x) + 1.43e (lOOx) = 21.42e 
1 l (A.9) 3 
The reader is requested to refer to a suitable text (5) for details 
of method of arriving at equation (A.9). 
The analog circuit for obtaining the solution to equation (A.9) is 
presented in Figure 21. 
34 
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